Objectives: The rapid development of surgical and less-invasive percutaneous mitral valve repair procedures has increased interest in mitral valve anatomy. We characterize the morphologic variability of the mitral valve leaflets and provide the size of their particular parts.
Perspective
The detailed knowledge about mitral valve anatomy is basic to the design and development of novel surgical and less-invasive strategies for mitral valve disease treatment. Precise understanding of the mitral valve complex could help in heart imaging, determining the planning, and performing procedures and thus avoid complications.
See Editorial Commentary page 1936.
Detailed knowledge of the mitral valve anatomy has been the interest of researchers since the early 20th Century. 1 The mitral valve complex consisted of the annulus, leaflets, commissures, tendinous cords, papillary muscles, and left atrial and ventricular walls, and is one of the most complicated mechanical arrangement in the human body. Failure of even 1 part of the complex may result in valvar dysfunction and significant harm to heart pump function. 2 Mitral valve disease is one of the most prevalent valvar heart diseases. The rapid development of surgical and less-invasive percutaneous (MitraClip; Abbott, Abbott Park, Ill) mitral valve repair procedures has greatly increased the interest in mitral valve anatomy. 3 The size of the leaflets and their scallops, the distance between the mitral annulus and adjacent heart structures, and other parameters of the mitral complex are important indicators for selecting valve repair technique and approach. Also, imaging of the mitral valve during planning and performing invasive procedures, by echocardiography or computed tomography, requires excellent understanding of the normal mitral valve anatomy, as well as knowledge of its most common variants. [4] [5] [6] [7] This knowledge is basic to the design and development of novel strategies for mitral valve disease treatment. Thus, we aimed to characterize the morphologic variability of the mitral valve leaflets and determine the size of their particular parts.
MATERIALS AND METHODS Study Population
In this study, we included 200 autopsied human hearts from white individuals (25% were female) with a mean age of 47.5 AE 17.9 years. The average body mass index (BMI) was 26.6 AE 4.6 kg/m 2 , and mean body surface area was 1.9 AE 0.2 m 2 . Hearts were collected during routine forensic medical autopsies performed between July 2013 and June 2016. The causes of death were mainly suicide, murders, and traffic and home accidents. The exclusion criteria were severe anatomic defects, heart surgeries, evident severe macroscopic pathologies of the heart or vascular system found during autopsy (aneurysms, storage diseases), heart trauma, and macroscopic signs of cadaver decomposition. None of the 200 individuals had a history of any valvar disease or arrhythmia. This study was approved by the Bioethical Committee of Jagiellonian University.
Dissection and Measurements
The hearts were dissected together with the proximal portions of the great vessels and weighed before fixation. After dissection, all of the hearts were fixed by immersion in 10% paraformaldehyde solution for a maximum of 2 months until the time of measurement. 8 The left atrium was opened in a routine way. We obtained linear measurements using 0.03-mm precision electronic calipers (YT-7201; YATO, Wroclaw, Poland). To reduce potential bias, all measurements were made by 2 independent researchers. If the measurement differences between the researchers exceeded 10%, both measurements were repeated. The mean of the 2 values was calculated and approximated to a tenth of a decimal place.
Before cutting the mitral annulus, the intercommissural and aorto-mural diameter of the mitral annulus were measured. The intercommissural diameter of the mitral annulus was measured as the longest medio-lateral distance along the line that connects both commissures (zone of apposition between the leaflets). The aorto-mural diameter was defined as a line perpendicular to the central part of the intercommissural diameter ( Figure 1 ). Next, for better visualization, the mitral annulus was opened by an incision through the mitral isthmus line, which is defined as a line located between the left inferior pulmonary vein (or common left pulmonary vein) ostium and mitral valve annulus, and then the left ventricle wall was cut. 9, 10 The mitral annulus was defined as the D-shaped (saddle shaped) incomplete fibrous ring, marking by the hinge line of the valvar leaflets and commissures. 2 Classic mitral valve type was defined as a valve with 2 main leaflets, a single anterior mitral leaflet (AML) and posterior mitral leaflet (PML) composed of 3 scallops-P1 (lateral), P2 (middle), and P3 (medial)-both connected with commissures and without any abnormalities in the anatomic structure. Precise criteria were applied to identify the commissures, leaflets, and their associated scallops. First, we recognize the inferoseptal and superolateral commissures, mainly by its characteristic appearance and the presence of the commissural tendinous cord, which originate solely from the respective papillary muscle located beneath the commissure and runs as a single stem that branches radially resembling the ribs of a fan, and thus referred to as a ''fan-shaped chordae.'' This allowed us to identify main leaflets and to distinguish the scallops within the leaflets. The characteristic patterns of tendinous cords attachments to the free edges of the valve leaflet and their further branching were the main criteria for scallop identification. In addition, indentations and thinning of the tissues were helpful to demarcate parts of the mitral valve. On the basis of the origin of the tendinous cords from the superolateral or inferoseptal papillary muscles, the P2 scallop of the PML was found. Then the P1 and P3, as well as accessory scallops (AcSs), if present, were named. Figure 2 shows the classic mitral valve with the discussed parts annotated.
All critical points of identified parts of the mitral valve were marked by pins. Measurements of the following dimensions were obtained in all leaflets, scallops, and commissures: the base (or circumferential length), FIGURE 1. Cadaveric heart specimen. Left atrial view of the classic mitral valve with marked intercommisural and aorto-mural diameters. LAA, Left atrial appendage; CC, intercommisural; AM, aorto-mural. *Interatrial septum. FIGURE 2. Cadaveric heart specimen. Classic mitral valve. Base (b) and height (*) of the AML, PML scallops (P1, P2, and P3), and superolateral and inferoseptal commissures are marked. LAA, Left atrial appendage; SL-C, superolateral commissure; AML, anterior mitral leaflet; IS-C, inferoseptal commissure; ISPM, inferoseptal papillary muscles; SLPM, superolateral papillary muscles. measured alongside the attachment line (hinge) to the mitral annulus, and the height, the maximum distance from the mitral annulus attachment point (hinge) to the free edge, measured in the central part of the base (Figure 2 ). The circumference of the mitral annulus (along the attachment line of the leaflets, from the atrial surface) was obtained. The mitral annulus area was calculated using the following bespoke formula, developed by our team:
where MAA is the mitral annulus area, CC is the intercommissural diameter, AM is the aorto-mural diameter, and bAML is the base of the anterior leaflet. The approximate surface area (A) of the leaflets and scallops were calculated using the formula:
The distance from the mitral annulus to the left atrial appendage ostium was measured. The distances from the mitral valve annulus to the left circumflex coronary artery and the great cardiac vein were measured at the level of mitral isthmus. 11 Afterward, the mitral annulus was dissected, and the common part of the mitral and aortic annulus (intertrigonal distance) was measured.
Statistical Analysis
The data are presented as mean values and the corresponding standard deviations or percentages, as well as median with interquartile range. The Shapiro-Wilk test was used to determine if the quantitative data were normally distributed. To verify homogeneity of variance, Levene's test was performed. We also used the Student t tests and Mann-Whitney U tests for statistical comparisons. We performed Kruskal-Wallis 1-way analysis of variance to determine significant differences in the investigated heart parameters. Correlation coefficients were calculated to measure the statistical dependence between the measured parameters. We performed statistical analyses with STATISTICAv12 (StatSoft Inc, Tulsa, Okla).
RESULTS
The mean intercommissural diameter was 28.0 AE 4.8 mm. The mean circumference of the mitral annulus was 89.9 AE 12.6 mm, and the mean mitral annulus area was 485.4 AE 171.4 mm 2 . There were significant statistical differences in these parameters between sexes, with the lower values observed for women (P <.001, P ¼ .02, and P ¼ .002 for intercommissural diameter, circumference of the mitral annulus, and mitral annulus area, respectively). The mean size of the aorto-mural diameter was 19.7 AE 4.8 mm. The mean intercommissural/aorto-mural diameter ratio in the studied hearts was 1.49 AE 0.38. The mean heart weight was 436.3 AE 98.2 g and was correlated with the intercommissural diameter (r ¼ 0.28; P <.001), aorto-mural diameter (r ¼ 0.20; P <.004), mitral annulus circumference (r ¼ 0.39; P < .001), and mitral annulus area (r ¼ 0.30; P<.001). Correlations were found between the donor's age and the aorto-mural diameter (r ¼ 0.31; P < .001), the mitral annulus area (r ¼ 0.22; P ¼ .002), and between the donor's weight and the mitral annulus circumference (r ¼ 0.25; P <.001).
In all hearts, we were able to detect 2 commissures: superolateral and inferoseptal commissure and 2 main leaflets: AML and PML. The mean ratio of the AML base to the PML base was 0.7 AE 0.2. The AML encompasses 34.5% AE 4.8% of the mitral annulus circuit and the PML encompasses 50.7% AE 5.1%. The remaining parts are reserved for commissures.
Classic mitral valve was found in 141 specimens (70.5%). Detailed results of the leaflet, commissure, and scallop measurements in the classic type mitral valves are presented in Table 1 . The borders of the AML were distinctly visible and noncontroversial, whereas the PML morphology was more difficult to assess. The PML had a longer base than the AML (45.1 vs 30.8 mm; P<.001) but had lower height (12.9 vs 20.6 mm; P<.001). The AML had a larger approximate surface area than the PML (504.9 AE 159.2 mm 2 and 419.3 AE 123.3 mm 2 , respectively; P <.001). Both commissures had a similar size. The PML could be divided into 3 scallops (P1, P2, P3). The medial (P3) had the lowest height (P <.05) and the middle had the highest height (P <.001), among other PML scallops. The middle (P2) scallop had the longest base (P<.001). There was no difference between P1 and P3 base length. The P2 scallop had the biggest surface area (P1 ¼ 110. ; P < .001). The AML was not divided into scallops.
All of the identified anatomic variations in the mitral valve leaflets are listed in Table 2 . There were no significant differences in mitral valve leaflet variations between the sexes. Table 3 presents results of the measurements of the most common anatomic variations in the mitral valve. Most variations were located in the PML (27.5% of all hearts). Single AcS in the PML (Figure 3 ) is the most commonly encountered (14%) and could be located in any of the PML section, but it is mainly located between P3 and inferoseptal commissure (7%). Two AcS in the PML (5 scallops in the PML) were found in 2% of hearts (Figure 4, A) . The PMLs with AcS have a longer base than classic PMLs (52.4 AE 9.9 mm vs 45.1 AE 8.2 mm; P < .001) and greater mitral annulus circumference (96.2 AE 15.0 mm vs 89.1 AE 11.8 mm; P ¼ .004). However, there were no significant differences in PML height; base and height of AML, superolateral commissure, and posterior leaflet commissure; mitral annulus area; or intercommissural and aorto-mural diameters. The AcS in PML had a shorter base than scallops in classic PML (P <.001) and lower height than P2 (P < .001), but were similar to the P1 and P2. Also, the AcS in the PML was significantly smaller (P<.05) when compared with other PML scallops in the same valve. Between-group analysis showed differences in BMI (P ¼ .04) between groups with (1) classic mitral valve (26.1 AE 4.4 kg/m 2 ) and (2) hearts with an AcS in the posterior leaflet (28.5 AE 4.4 kg/m 2 ); however, we found this clinically irrelevant.
Another type of observed anomalies in the PML was the connection of the scallops (9%) (Figure 4 , B). There were no statistically significant differences in mitral annulus diameters or leaflets size, except for the PML base, which was smaller in valves with connected scallops when compared with classic valves (39.7 AE 8.9 mm vs 45.1 AE 8.2 mm; P ¼ .006). However, we observed significantly increased density of tendinous cords attachments to the connected scallops. Mitral valves with only 2 similar in size scallops in the PML (3 cases) were observed. In 2 specimens, we found dichotomous P2, which have incompletely separated scallops to recognize PML with 4 scallops.
The AML is more consistent in anatomic structure than the PML. The AcS in AML was found only in 2.5% of all hearts (Figure 4, C) . One heart had variations in both AML and PML connected P2 and P3 scallops, as well as AcS in AML at the superolateral commissure side. There was no statistically significant difference in AML and PML size or in any other mitral annulus dimensions when the AcS in AML is present, compared with classic valves.
The mean intertrigonal distance was 21.9 AE 3.8 mm for all studied hearts, which constitute 24.6% AE 4.4% of the mitral annulus circuit and was projected onto the AML. There were correlations among this parameter and age (r ¼ 0.3; P < .001), heart weight (r ¼ 0.2; P < .001), aorto-mural diameter (r ¼ 0.33; P <.001), mitral annulus area (r ¼ 0.26; P < .001) and circumference (r ¼ 0.38; P < .001), AML height (r ¼ 0.2; P ¼ .005), and aortic annulus diameter (r ¼ 0.2; P ¼ .009), but not with the intercommissural diameter.
Within the mitral isthmus line, the great cardiac vein was present in 98% of cases and the left circumflex coronary artery was present in 57%, whereas the branch of the right coronary artery was seen in 1.5%. The great cardiac vein was located at a mean distance of 7.3 AE 5.3 mm from the mitral annulus, whereas the left circumflex coronary artery was situated 7.9 AE 5.1 mm from the mitral annulus. The mean distance between the left atrial appendage ostium and mitral annulus was 14.2 AE 4.8 mm. There were no other significant differences in any of the measured parameters between the sexes and no other significant correlations with donor's weight, BMI, or body surface area.
DISCUSSION
It is worth emphasizing that the mitral valve has just 2 main leaflets (no cusps): anterior (aortic) and posterior (mural). The leaflets are connected with 2 commissures: inferoseptal and superolateral (also, less frequently, called ''commissural leaflets'' or ''commissural zones/areas''). To our knowledge, this is the case for all hearts. Furthermore, the leaflets can be divided into scallops. The PML is anatomically divided into 3 scallops: P1, P2, and P3. In contrast, the AML has no anatomic indentations for scallops, but A1, A2, A3 regions (that oppose the scallops of the PML) are distinguished by clinicians. 2 The scallops are separated from each other by indentations. AcS could be described in both the AML and the PML. We highly recommended the use of this simple and practical terminology to unify the results of further studies and to facilitate understanding of the mitral valve structure by clinicians.
12,13
Some authors have described that the mitral valve has from 4 to even 6 leaflets (or cusps); however, they do not correctly refer to leaflets, but rather to scallops.
14, 15 We want to emphasize that the normal mitral valve has only 2 leaflets, and variations are observed only in scallops. There are 3 described cases of the trileaflet mitral valve with the presence of 3 equal-size leaflets, 3 commissures, and 3 papillary muscles linking the 3 commissures; thus, this anomaly is rare. [16] [17] [18] In those cases, the trileaflet mitral valve was present in combination with bicuspid aortic valve, 16 hypertrophic cardiomyopathy, 17 and subaortic valvar stenosis. 18 However, it is difficult to exclude that they were not also associated with coexisting spontaneous closure of preexisting atrioventricular septal defects. 19 The scallops can be easily identified by the presence of indentations, defined by us as slits from the free edge of the leaflet, which separate the scallops and are supported by the tendinous cords. However, there is not a consensus on the proper name of the cleavages that could be seen in mitral valve leaflets. The terms ''cleft'' and ''indentation'' are currently used and have different meanings. 20 Incorrect implementation of the term ''indentation,'' change of the original meaning of the term ''cleft,'' and even further the creation of new exotic terms such as ''cleft-like indentations'' have no morphologic justifications. 21 Incorrect terminology results from a lack of the detailed knowledge of the normal mitral valve anatomy and only introduces confusions. Thorough discussion of all the inconsistencies in the use of different terms for this simple entity is far beyond the scope of this study. We strongly recommend using the term ''indentation'' to define any cleavage in mitral valve leaflets that (1) do not reach the mitral annulus and (2) may be located at any point of the anterior or posterior leaflet and thus divide the leaflets into scallops; and (3) is supported by proper tendinous cord (indentation cord); (4) regardless of whether it is associated with the mitral regurgitation or prolapse or not. For the congenital, pathologic leaflet splits that may be located in the anterior or posterior leaflet and (1) reach the mitral annulus or (2) are not connected with the tendinous cords to the papillary muscle, the term ''cleft'' should be used. The other terms could be abandoned, because they have no morphologic justifications.
In 98% of hearts, Victor and Nayak 22 described 1 to 5 slits (defined by us as indentations) in the PML that subdivide the PML into scallops (2-6 scallops). Three scallops were most commonly seen variant (56%), followed by 4 in 15% and 5 in 6%. No indentations were observed in AML. They also pointed out that the term ''cleft'' should not be used for such slits (indentations), because this term connotes a congenital defect. 22 The commissural leaflets described by Degandt and colleagues 23 refer to superolateral commissure and inferoseptal commissure in our study, and cannot be confused with AcSs. The commissures can be clearly distinguished from indentations by the presence of fan-shaped commissural tendinous cords; commissures also are more similar in geometry to scallops. 24 We can also distinguish indentations from the wrinkles that can be seen on the atrial surface of both leaflets. These wrinkles 
Anterior leaflet variants 5 (2.5)* 0 5 (3.3)* AcS in AML at the IS-C side 2 (1) 0 2 (1.3) AcS in AML at the SL-C side 3 (1.5)* 0 3 (2)* AcS, Accessory scallop; PML, posterior mitral leaflet; P1, P2, P3, scallops of the posterior mitral leaflet; IS-C, inferoseptal commissure; SL-C, superolateral commissure; AML, anterior mitral leaflet. *One heart with abnormalities in posterior and anterior leaflets.
or leaflet pleating result from the need of adjust of the leaflet in systole to the geometry of left atrioventricular orifice and may be confused with indentations. After straightening the wrinkle, there is no slit extending from the leaflet's free edge and no division into 2 separate scallops. Quill and colleagues 13 described deviant clefts (properly deviant indentations), which, apart from ''standard'' clefts (standard indentations), were profusely localized in all regions of the PML and AML. In our opinion, these deviant indentations were mistakenly identified wrinkles, probably because of the endoscopic visualization of the mitral valve and the lack of the valve sectioning in that study. Unsurprisingly, we found smaller values of intercommissural diameter, circumference, and area of the mitral annulus in female patients. Also, various positive correlations between annular dimensions and heart weight, as well as age, were discovered. In this study, most of the studied hearts (70.5%) showed classic morphology. The mitral valve is composed of smaller PML and larger AML. However, the AML occupies only 35% of the mitral annulus circuit. The P2 scallop is the largest among PML scallops. Comparison of the current research results with other studies is difficult because there is a lack of similar studies, which focus on all mitral annulus and leaflets dimensions in heterogeneous autopsied material. There are several studies with relatively small sample sizes, mostly conducted in the past century, that selectively analyze leaflet and annular parameters. However, our morphometric results of the main mitral annulus dimensions and leaflet height and base are consistent with the results of other authors. 15, [24] [25] [26] In the 29.5% of valves, range of variation could be observed. The PML scallops can vary in number (2) (3) (4) (5) , and the accessory or connection of the scallops may occur in all PML regions. The AML is more constant than the PML, and although the AcS may occur only at the commissural ends, it is not found in the central zone. The variation in scallops number has an embryologic origin and is probably caused by disturbed delamination of the mitral valve apparatus from atrioventricular cushion tissue and further remodeling of the leaflets to provide a tight seal of the left atrioventricular orifice. 27 Accessory and connected scallops can have a significant impact on mitral regurgitation development and its further surgical or transcatheter repair. First, the variations in scallop division may predispose to mitral insufficiency. We observed that small AcS in the PML usually have their own, independent scallop tendinous cords, whereas classic PML scallops usually are connected to each other by a complex network of tendinous cords. Insufficiency of even a single tendinous cord connected to AcS may be hemodynamically significant. Moreover, division of the PML into more than 3 standard scallops is a recognized factor for the mitral insufficiency. 28 On the other hand, connected scallops, because of the lack of the indentations and scanty pleating of the leaflet, may not fit properly into the geometry of the atrioventricular orifice and thus predispose to regurgitation. Second, the variations may affect the mitral valve repair. Both in edge-to-edge stitch placement and MitraClip approach to mitral valve repair, the AML and PML are gripped to join at the location of regurgitation. These techniques most commonly are used in patients with A2/P2 prolapse. 29, 30 The middle zone (A2) of the AML is the most constant area of the mitral valve and should not generate those problems that may be encountered in the relatively highly variable P2 scallop. A small size of the AcS or a dense network of tendinous cord under the connected scallop may hinder these procedures. Because of the complexity of the mitral valve apparatus and the possibility of variations, it is likely that a combination of the methods may be required to provide successful mitral valve repair. Unfortunately, our results show that the presence of variation cannot be easily predicted by the 26 Only preprocedural and intraprocedural imaging may reveal the scallops' anatomic variations. 5, 6, 31 Three-dimensional echocardiography allows for evaluation of mitral valve morphology, including annulus, subvalvar apparatus, and leaflets with distinguished scallops. Diameter, circumference and area of the mitral annulus, height and thickness of scallops, and all variations in valvar leaflets could be precisely assessed in real time. 32 The intertrigonal distance, which represents aorticmitral valvar continuity, is crucial when planning the treatment of aortic or mitral valve stenosis, caused by massive, overlapping calcification. Knowledge of this parameter may help to determine the proper mitral valve annuloplasty ring size during minimally invasive cardiac surgery. 33 We found that intertrigonal distance dilates with age and heart weight, but not with BMI. It seems that the aortic annulus diameter is mostly responsible for the intertrigonal distance length.
One has to appreciate the anatomic features that are near the mitral valve. 5 Relationships between the mitral annulus and the great cardiac vein, coronary sinus, or left circumflex coronary artery are substantial to minimize the occurrence of serious ischemic complications during percutaneous mitral valve interventions. 34 Knowledge of this is mandatory for percutaneous mitral annuloplasty through the coronary sinus. 35 There are described cases of left circumflex coronary artery occlusion during mitral valve surgery. 36 Moreover, the distance from the mitral annulus to the left atrial appendage orifice could help to select suitable patients for percutaneous left atrial appendage transcatheter occlusion. Appropriate implantation of the device prevents potential interaction of the disc and the mitral valve. 37 
Study Limitations
The main limitation of this study is the potential bias in the measurements because all of them were performed after formaldehyde fixation, which may change the size and shape of the heart. However, prior studies have shown that the use of 10% paraformaldehyde does not cause significant changes in atrial tissue and tendinous cords dimensions; the dimensions of fixed hearts are similar to those before fixation. 8 Moreover, the dimensions of the cadaveric tissue may differ slightly from in vivo dimensions of the mitral valve components. In regard to the dynamic geometry of the mitral valve complex, we cannot speculate about changes in leaflet dimensions within the cardiac cycle. Also, the dominance of the coronary arteries was not described in our study population. However, we believe that these limitations do not impede our morphologic analysis of relationships between individual heart structures and their relative dimensions.
CONCLUSIONS
This study characterized the morphologic variability and reports the morphometry of the mitral valve leaflets and scallops. In all cases, the mitral valve is built by 2 main leaflets with possible variants in scallops (29.5%). The variations are largely associated with PML and are mostly related to the presence of AcS. Anatomically, the AML is not divided into scallops, but could have AcS (2.5%). The intertrigonal distance dilates with age and heart weight, but not with the BMI. Understanding the anatomy of the mitral valve leaflets helps with the planning and performing of mitral valve repair procedures. Variations in scallops may affect repair procedures, but unfortunately cannot be predicted by any of the annular sizes.
